Introduction
NASA is planning on going beyond Low Earth orbit with manned exploration missions. The radiation environment for most Low Earth orbit missions is harsher than at the Earth's surface but much less harsh than deep space. Development of new electronics is needed to meet the requirements of high performance, radiation tolerance, and reliability. The need for Non-volatile memory has been identified to support exploration projects. Emerging Non-volatile memory technologies (FRAM, C-RAM, M-RAM, R-RAM, Radiation Tolerant FLASH, SONOS, etc.) need to be investigated for use in space missions. This includes thermal and radiation compatibility. An opportunity arose to fly a small memory experiment on a high inclination satellite, Fast and Affordable Science and Technology Satellite (FASTSAT). An off-the-shelf 512K Ramtron FRAM was chosen to be tested in the experiment.
Background

Space Radiation Environment
The space radiation environment has been measured since the earliest satellites to fly. The understanding of this environment is continually being better defined. The space radiation environment can be divided into two broad categories, the trapped radiation belts around the earth and the deep space radiation environment. The trapped radiation belts have two distinct regions, the outer Electron belt and the inner Proton belt. Because of the interaction of the Earth's magnetic field, the spin of the Earth and the Solar Wind, The Proton belt comes closest to the surface in the South Atlantic. The South Atlantic Anomaly (SAA) is a large source of single event upsets in Low Earth Orbit spacecraft. The position of the trapped radiation belts [1] around the earth is shown in Fig. 1 .
The deep space radiation environment includes energetic particles from the Sun and Galactic Cosmic Rays. Although these particles are not as large in number, they have the most energy and poise the greatest threat to electronics in space.
Radiation Effects on Electronics
Radiation can affect electronics in several ways. It can ionize the material in the electronics causing a surge of current and charge. It can affect the atomic structure of the material causing degraded performance. If the particle has enough energy, it can physically melt the electronics causing permanent damage. These three types of effects are known as Single Event Effects (SEE) [2] , Total Ionizing Dose (TID) and Displacement Damage. The Single Event Effects type can be broken down into four sub-categories. These are Single Event Upset (SEU), Single Event Latch-up (SEL), Single Event Burnout (SEB) and Single Event Functional Interrupt (SEFI). These effects regularly occur on spacecraft and have caused problems and even the loss of spacecraft [3] . For Low Earth Orbit (LEO) satellites, the failures tend to be clustered near the South Atlantic Anomaly and at the poles. This is shown for UoSAT-2 satellite [4] in Fig. 2 . The rate of radiation effects on electronics is not constant over time. During a solar flare event the number of high energy particles can dramatically increase. This effect is shown by data measured by NASA's Cassini Spacecraft [1] in Fig. 3 .
One of the most common failures caused by radiation is a state change in a DRAM device. This can occur when radiation strikes near the transistor and causes a spike of charge which causes the state of the DRAM to change [1] . This is depicted in Fig. 4 .
NASA Efforts to Mitigate Radiation Effects on Electronics
NASA has set up several organizations and projects to understand and mitigate the effects of radiation on electronic systems. One of the main organizations is the Radiation Effects & Analysis Group (RE&A), located at NASA Goddard Space Flight Center (GSFC), Greenbelt Maryland. The RE&A group is managed by Ken LaBel and has several projects that it directs. One project is the Electronics Radiation Characterization (ERC) project which is located at GSFC and the Jet Propulsion Laboratory. This project provides radiation evaluation of cross-cutting technologies. Examples of these technologies include COTS, emerging microelectronics, and photonics. This project provides guidelines for technology usage and supports radiation-specific issues to provide increased reliability and reduced costs. The Space Radiation Physics Office (SRPO) characterizes the radiation environment. They analyze data from instruments and create models.
The Advanced Avionics and Processor Systems (AAPS) project expands the current state-of-the-art in spacecraft avionics components and processor systems to develop high performance devices for long duration exposure to the space and surface environments. The -increased sustained processor performance -increased processor efficiency -increased speed of dynamic ability to reconfigure system -reduced operating temperature range's lower bound -increased the available levels of redundancy and reconfigurability -Increase the reliability and accuracy of radiation effects modeling.
There are several sub-projects that are being performed in support of the AAPS project. These include radiation modeling, silicon-germanium electronics, high performance processors, reconfigurable computing, radiation tolerant Field Programmable Gate Arrays and radiation hardened memory. The AAPS project was recently reorganized into the Enabling Technology Development and Demonstration program.
The Radiation Hardened Memory project conducts research and development into radiation tolerant volatile and non-volatile memory devices in support of NASA's exploration program. This project developed the Memory Test Experiment flown on the FASTSAT satellite. The project has laboratories at Marshall Space Flight Center and at Langley Research Center for testing memory devices. These laboratories characterize memory devices for performance, temperature effects, and radiation effects. Technologies currently being tested include:
Methods for Mitigating the Effects of Radiation on Memory
NASA and the European Space Agency [5] are pursuing several ways to mitigate the radiation effects on electronics in space. Both agencies are developing data and technologies to reduce the risk to spacecraft from radiation effects. The three most common ways to deal with radiation impacts to electronic systems in space are:
• Use radiation hardened devices that can operate in the planned environment • Use Triple Module Redundancy (TMR). Three copies of each functional box and a voting system • Use extensive Error Detection and Correction algorithms (EDAC) Projects usually use a combination of each of these methods. The problems associated with the three methods are:
• Most radiation hardened devices are high power, high weight, low performance • Shielding helps to reduce the impact of lower energy particles but can actually hurt with very high energy radiation • The radiation is more likely to interact with High-Z materials and create worse secondary particles • TMR increases weight power complexity and may introduce its own failure modes • EDAC is useful for correcting small numbers of bit flips but it can't handle a swarm of errors
The most effective solution would be to develop high performance low power radiation tolerant components that would be immune from the effects of radiation. The Advanced Avionics and Processor Systems project is working to develop these kinds of devices for NASA.
The Fastsat Satellite and the Memory Test Experiment
The FASTSAT Satellite (Fig. 5) The hardware consists of mostly off the shelf parts with some custom designs. The FASTSAT Satellite is designed to provide a bus for a wide variety scientific and technology payloads. It can provide a platform for optical, RF, and other instruments as well as deploying up to 3 Cubesats. The satellite is 3 axes stabilized and provides approximately 1 degree attitude accuracy. The design principle was to keep it simple. The satellite has no mechanisms, no moving parts, body mounted solar panels and simple data and power interfaces.
Memory Test Experiment
The RF communication system required a custom design to interface the flight computer to the transmitter. The opportunity presented itself to include a new memory technology device for space environment testing. An off-the-shelf 512K Ramtron Ferroelectric RAM was chosen because of immediate availability and ease of integrating with the existing circuit. The device being used is FM24C512. This is a 512 kilobit Ferroelectric Nonvolatile RAM. It is organized as 65,536 × 8 bits. The device is not used for any functions of FASTSAT. Failure of the device will not affect other operation of FASTSAT and its payloads.
Memory Test Experiment Operations
The Memory Test Experiment has the following operational process. A random number is generated by the flight computer during each power up and sent to the communications board to be used in telemetry encoding. The first 8 bits is stored in each memory location in the FRAM device. Every 6 minutes the microcontroller on the communications card reads each memory cell and compares it to the reference pattern. For each non-matching cell, the address and time is stored and down linked later. Each time the flight computer is reset a new test pattern is stored. The data is transmitted to the ground within 24 hours of being recorded. The position of the satellite at the time of the error will be calculated to determine the radiation environment. Space Weather data will be obtained to identify and unusual solar activity. The position of the memory cell on the chip will be identified to understand any clustering of errors. The categorized detected errors have the following characteristics:
• Error in writing to the memory cell (Silicon or Ferroelectric)
• The first read after write is a mismatch and it never changes • One time error in reading memory cell (Silicon)
• The initial read matches the test pattern then a single read mismatches and the subsequent read matches • Change of state of memory cell (Ferroelectric)
• The initial read matches the test pattern then a read mismatches and the subsequent read mismatch • Permanent pinned state of memory cell (Silicon or Ferroelectric)
• The bit is always in one state no matter what is written to it This data will be used to determine the radiation effect characteristics of the ferroelectric material as compared to the silicon material. This data will also be used to determine if existing designs of ferroelectric memory offer the needed radiation tolerance for NASA missions.
Other Ferroelectric Space Experiments
The FERRO experiment was an experiment developed by the Naval Postgraduate School in Monterey California. This experiment was to test ferroelectric capacitors to determine the effect of space radiation this was part of the Advanced Photovoltaic and Electronic Experiments (APEX) Mission [6] , (Fig. 6) . It is launched into a 195 Km by 1377 Km orbit at 70 degrees inclination on August 3, 1994. An undetected software error caused the data gathered not to be transmitted for the experiment. The Ferroelectric Reflectarray Critical Components Experiment (F-RECCE) was developed by NASA Glenn Research Center. This experiment will provide data on the longduration performance of critical components associated with Glenn's novel Reflectarray Antenna-an antenna that can redirect its main beam without physically repositioning itself [7] . F-RECCE was launched on the Shuttle on May 16, 2011 as part of the Materials on the International Space Station Experiment (MISSE-8). Figure 7 shows the MISSE-8 experiment being installed on the International Space Station. The Ferroelectric Reflectarray was developed by Robert Romanofsky and Felix Miranda of NASA. The MISSE-8 payload is operating nominally but no data from the F-RECCE experiment has yet been published.
The NPSAT1 is a satellite (Fig. 8) developed by the Naval Postgraduate School in Monterey California. It was scheduled to be launched in December 2009 but has been delayed to no earlier than January 2012. The satellite uses two rad-hard UTMC80C196KD micro-controllers that contain 8k ferroelectric RAM [8] . The Principal Investigator is Rudolf Panholzer.
Initial Data from the Memory Test Experiment
The FASTSAT Satellite was launched on November 19, 2010 aboard a Minotaur IV rocket from Kodiak Launch Complex. A picture of the launch is shown in Fig. 9 . The rocket carried 3 other spacecraft that will gather scientific data and demonstrate new technologies.
The FASTSAT satellite has successfully operated since launch in November 2010. The Memory test Experiment has also been successfully operating. There have been no single or multi-bit errors detected by the Memory Test Experiment as of July 24, 2011. The good news is that the FeRAM device has not had any memory upsets even in the The Remote Data Acquisition (RDAQ) Modules act as I/O controllers for all subsystems. The RDAQs were designed by NASA personnel and use an embedded microcontroller with SDRAM. There are 6 different types of RDAQs with a total of 15 RDAQs on the satellite. The RDAQs were radiation tested in an accelerator at Indiana University and successfully passed all radiation tests. The RDAQs have not experienced resets due to Single Event Upsets, though single bit memory errors may have occurred. Approximately 6 months into the mission, one RDAQ (the magnetometer interface) locked up. The cause of the failure is unknown but may be radiation related.
Conclusions
Radiation effects on spacecraft are significant and becoming worse with miniaturization of components. NASA's new exploration missions need to handle the radiation environments of deep space. Ferroelectric based memory has shown radiation tolerance in testing on Earth and in space. The Memory Test Experiment has demonstrated the radiation impacts on a ferroelectric memory device in a high inclination Low Earth Orbit. Data analysis will try to determine if any future detected errors are caused by the ferroelectric material or the other silicon parts within the device.
